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Abstract 
Integrated field development projects are an important aspect of the education of reservoir geophysicists, geologists and 
engineers. They provide the platform for educating students in the work flow concepts prevailing in the petroleum industry, 
and producing petroleum professionals who are not only experts in their respective fields but are also exposed to working in 
multi-disciplinary teams. However, suitable datasets for such projects are not widely available. As part of establishing the 
Imperial Oilfield case study, the objective of this work is to develop comprehensive synthetic wireline and RCAL datasets 
from an existing, fine-scale 'truth' model which mimics the dataset available during the appraisal and characterisation stage of a 
field development project. The fine-scale ‘truth’ model, an analogue of a Brent-type reservoir, is a complex synthetic oilfield 
model developed in 1999 for the Production UNcertainty Quantification (PUNQ) project by the Netherlands Institute of 
Applied Geoscience TNO. 
The synthetic wireline data for five synthetic exploration wells, which include density, neutron, sonic, gamma ray, and 
flushed zone, shallow and deep resistivity logs, were generated using different mathematical models that govern the physics 
controlling the responses of the different logs. In areas where input parameters for these mathematical models were not 
obtainable from the ‘truth’ model or available from literature, they were assumed. Core porosity data were generated by 
remodelling the porosity data from the fine-scale ‘truth’ model using the Gaussian normal distribution. Core horizontal and 
vertical permeability to air data were generated using brine and air permeabilities correlations from an work based on 
numerous reservoirs with permeability data ranging from 0.1 – 10, 000 mD. 
The synthetic wireline and RCAL data generated were interpreted and the re sults were compared with the data from the 
‘truth’ model. The interpreted results were found to mimic the NTG, Sw and porosity, and to correctly predict the lithologies of 
the ‘truth’ model.  
Introduction 
In the modern times, integrated field development projects are an important aspect of the education of reservoir 
geophysicists, geologists and engineers. This importance stems from the reorganisation of functional departments (geology, 
geophysics, petrophysics, reservoir engineering, etc.) into multi-disciplinary asset teams by most oil companies over the last 
two decades (Gringarten et al., 2000). Students involved in integrated field development projects are usually prepared to face 
challenges similar to those they will encounter in the work environment. Other benefits of integrated field development 
projects include (Hampson et al., 2010): 
(a) development of the skills required to work in an industry set up, 
(b) experience of working in multi-disciplinary teams, 
(c) recognition of the role of different disciplines that make up the team, and 
(d) importance of assessing uncertainties and identifying areas with missing data. 
Suitable datasets for use during integrated field development projects, however, are not widely available for use by 
educational institutions worldwide. This prompted the need to develop a comprehensive synthetic oilfield dataset that mimics 
those available during the appraisal and characterization phase of a field development project. The first phase of this project 
involves three parts. Part 1 focusses on developing wireline and RCAL datasets; part 2 focusses on building the simulation 
model (Njoku, 2011) and the third part focusses on generating geophysics data for the Imperial Oilfield (Suleman, 2011). 
Reservoir characterisation is an important element of any integrated field development project aimed at identifying a 
model for the reservoir, the static and dynamic behaviours of which must mimic those of the reservoir as closely as possible 
(Gringarten et al., 2000). The static and dynamic data required to characterise a reservoir are obtained starting from the 
appraisal phase and throughout the life of the field. The appraisal phase is used to delineate the reservoir, and one way of 
achieving this is by drilling exploration wells from which static and dynamic data can be obtained.  
The Imperial Oilfield is an analogue of a mid-Jurassic Brent-type reservoir. It is principally an offshore oil field with no 
gas cap present. The reservoir is monoclinal in structure and it is made up of the following formations – Rannoch, Etive, Lower 
Ness, Mid Ness, Upper Ness and Tarbert. The oil is sourced from Kimmeridge Clay, which also acts as a cap rock to the 
reservoir. The oil is trapped in a 3-way dip closure sealed by a fault. The oil-water contact is at 2265.15 mTVDSS. The field 
has a STOIIP of 104 x 10
6
 m
3
 (654 MMBbl) and an initial reservoir pressure of 3262.5 psia.  
Imperial College 
London 
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Reservoir Location and Description 
The fine-scale ‘truth’ model used in this project is a complex synthetic model developed in 1999 for the Production 
UNcertainty Quantification (PUNQ) project by the Netherlands Institute of Applied Geoscience TNO. The model has a gross 
thickness of 195 m and extents over 3 km x 11 km in the E-W and N-S directions respectively.  
Field Location. The Imperial Oilfield, discovered in 1997, is located at South Kensington Bay. The original geographical 
location of South Kensington Bay is Christchurch, South Western United Kingdom. The oilfield is located principally offshore, 
with a small portion of its northern end located onshore (Figure 1). The oilfield is located in shallow waters whose mean depth 
is 17 m. Christchurch is an area characterised by environmental constraints to exploration and production. The coastline, an 
area of great natural beauty, is a national heritage site and a tourist destination. It also houses a military facility. Exploration 
and appraisal options are thus expected to be carried out in such a manner so as to conserve the environment. With the 
exception of exploration wells, drilling is prohibited offshore.  
The choice of this location is to expose students to the real life challenges and technical difficulties encountered in 
exploring and developing oilfields that are located in environmentally sensitive areas.  
 
 
Figure 1 Location of Imperial Oilfield (Suleman, 2011). 
Model Structure. Structurally, the reservoir is a tilted fault block (Figure 2), with its crest located along the eastern axis of the 
field. From the crest, the structure dips down northerly, southerly and westerly. The highest point of the structure is at the top 
of the Tarbert Formation and it occurs at a depth of 1924 mTVDSS; the lowest point is located at the bottom of the Rannoch 
Formation at a depth of 2726 mTVDSS. 
Petroleum Play of Model. The oil present in the Imperial Oilfield was sourced from the prolific Upper Jurassic Kimmeridge 
Clay Formation (Johnson et al., 2005). This clay also acts as the overlying cap rock that prevents the oil from migrating up 
toward the surface. The oilfield is bordered to the east by a major N-S trending Graben-forming normal fault. The hydrocarbon 
accumulation is a linear feature approximately 33 km
2
 in area, with a single oil column delineated to the north and south by W-
E trending faults. To the west, the structure is bounded by a gently dipping fault. This faulting system results in a 3-way dip 
closure trap which provides an oil column with an oil-water contact at 2265.15 mTVDSS. 
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Figure 2 Map of Imperial Oilfield showing the structure, OWC and trap of the reservoir (Njoku, 2011). 
Reservoir and Fluid Properties. The synthetic fluid properties of the reservoir were generated from PVT analyses (Njoku 
2011). These properties and those of the reservoir are summarised in Table 1. The generated synthetic temperature gradient of 
the reservoir, in 
o
F/ft, is given by Equation (1). The depth (in ft) is negative. 
 𝑇 =
𝐷𝑒𝑝𝑡ℎ−3409.6
−52.444
 ............... (1) 
Table 1 Reservoir and fluid properties. 
Property Value 
Average porosity 24% 
Average water saturation 23% 
Average permeability 680 mD 
Reservoir temperature at datum depth 199 
o
F 
Datum depth 2148.15 m 
Oil column thickness 120 m 
Average initial pressure 3262.5 psia 
Bubble point pressure 1271.6 psia 
Oil formation volume factor at bubble point 1.2677 rb/stb 
Initial oil viscosity at  199.4
o
F 0.7313 cp 
Initial solution gas-oil ratio  340 scf/stb 
Oil gravity 36 
o
API 
Formation water salinity 25,170 ppm 
Formation water viscosity at 3262.5 psia 0.5634 cp 
Formation water FVF at 3262.5 psia 1.0331 
Formation water compressibility 3.0048x10
-6
 psi
-1 
Oil compressibility 5.0000x10
-6
 psi
-1 
Formation brine density at 3262.5 psia 63.4821 lb/ft
3 
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Geological Setting of Imperial Oilfield 
The Imperial Oilfield is an analogue for a Brent-type reservoir, which occurs in one of a number of rotated fault blocks (Livera, 
1989) that are found between the Chelsea Platform and the Kensington Graben.   
Regional Geology and Sedimentology. The Kensington Graben, a narrow North-South trending basin, was formed in a period 
of lithospheric extension at a time when marginal hinterlands shed considerable volumes of coarse sediments into the 
developing basin (Leeder, 1983). Two main rifting phases were thought to have occurred in the Kensington Graben. The first 
phase of the rifting occurred probably during the late Permian-early Triassic, while the second phase occurred during the late 
Middle Jurassic, Late Jurassic and earliest Cretaceous. The rifting process stopped before the onset of crustal separation and 
continental drift. Both rifting phases were succeeded by periods of thermal subsidence (PUNQ Project Team, 1999). In-
between the two rifting episodes, the sediments of the Brent Group where laid down during the Mid-Jurassic (Bajocian-
Bathonian) times. 
The subdivision of the Brent Group into five formations (Broom/Oseberg, Rannoch, Etive, Ness, and Tarbert Formations) 
reflects the regressive-transgressive cycle. The Rannoch/Etive Formations represent the offshore and beach/barrier deposits, 
respectively, that were deposited during the regressive phase. The beach/barrier sediments of the subsequent transgressive 
phase are represented by the Tarbert Formation. The Ness Formation consists of delta deposits landward of the regressive-
transgressive coastal succession. The Broom and Oseberg Formations are now considered to belong to an older, generically 
different sequence and are thought to fill the initial relief caused by fault movements (Helland-Hansen et al., 1992). 
Broom Formation. The Broom formation is of Aalenian age. It comprises of 5 m of marine sandstone and conglomeratic 
sandstone with mudstone clast (Johnson et al., 2005). For the purpose of this work, the Broom formation was not modelled. 
Rannoch Formation. The Rannoch Formation is of late Aalenian to early Bajocian age (Johnson et al., 2005) and comprises 
of about 36 m of upward coarsening distal lower shoreface/interbedded shale and micaceous sandstone (Facies 1) and proximal 
lower shoreface/micaceous sandstones (Facies 2). The sediments in this formation are considered to be products of an initial 
northerly prograding wave-dominated delta that deposited the Rannoch and Etive Formations (Deegan and Scull, 1977). 
Etive Formation. Like the Rannoch Formation, the Etive Formation is of late Aalenian to early Bajocian age (Johnson et al., 
2005). It comprises typically of well sorted, medium grained and rather massive sands (Facies 3) considered to have been 
deposited in the upper shoreface and beach environments of a barrier complex, with tidal channels cutting through the barrier 
sediments (Moss, 1992). The Etive Formation is approximately 24 m thick. 
Ness Formations. This formation, which is subdivided into three component parts – Lower Ness, Mid Ness and Upper Ness, is 
probably of Bajocian age (Johnson et al., 2005) and comprises up to 100 m of channel-fill, mouth-bar and crevasse splay 
sandstones (Facies 5) and shale and coal seams (Facies 4) that formed in a delta-top setting. The Lower Ness zone overlies the 
Etive Formation. It is 45 m thick and comprises of Facies 4 and 5.The Mid Ness zone, which is 10 m thick, separates the 
Lower and Upper Ness. It is composed mainly of Facies 4, with the shale sandwiched between coal seams that underlie and 
overlie the Mid Ness shale. The Upper Ness zone, which underlies the Tarbert Formation, comprises of about 45 m thick of 
Facies 4 and 5. 
Tarbert Formation. The Tarbert Formation is probably of late Bajocian to Bathonian. It consists of about 35 m thick of distal 
lower shoreface/interbedded shale and micaceous sandstone (Facies 1) and proximal lower shoreface/micaceous sandstones 
(Facies 2). Tarbert sandstone units are markedly time-transgressive and reflect a pulsed, southerly directed marine 
transgression that eventually drowned the Brent Delta (Johnson et al., 2005).  
The discriminants for each of the facies types present are summarised in Table B-1 of Appendix B. These discriminants 
were used to extract the different facies types from the PUNQ model. Table B-2 gives the summary of the reservoir properties 
for the different formations. 
 
Exploration Wells 
Five vertical synthetic wells were spudded offshore between 2000 and 2002. The first exploration well (Well XP01) was 
spudded in September 2000 at the crest of the structure. Oil was encountered at a depth of 1937 mTVDSS and it tested 36 
o
API 
at a rate of 8806 bbl/d. Two more wells (Wells XP02 and XP03) were drilled in January and April of 2001 respectively, with 
oil encountered at 2093 mTVDSS and 2208 mTVDSS respectively. Both wells cut through the OWC at a depth of 2265.15 
mTVDSS. The last two exploration wells (XP04 and XP05) were spudded in January and March of 2002, the aim of which was 
to determine the northern and southern lateral extents of the reservoir respectively. None of these two wells encountered oil. 
The local coordinates and depths of the wells are given in Table 2 below. Kelly bushing (KB) elevations for all wells were 
assumed to be the same.  
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Table 2 Local coordinates and depths of the five exploration wells. 
Well X Coordinate (local) 
(m) 
Y Coordinate (local) 
(m) 
Depth 
(mTVDSS) 
KB Elevation 
(m) 
Date Spudded 
XP01 2274.61 -5222.12 2128 25 September 2000 
XP02 1725.56 -3122.82 2285 25 January 2001 
XP03 1275.06 -5724.12 2401 25 April 2001 
XP04 1474.34 -2172.31  2457 25 January 2001 
XP05 2275.81 -9522.00 2468 25 March 2001 
Datasets Acquired from the Different Exploration Wells. Fluid, wireline and core data were obtained from the synthetic 
exploration wells. These are summarised in Table 3. 
Table 3 Datasets from exploration wells. 
Well Datasets 
XP01 Wireline, fluid data 
XP02 Wireline, RCAL, SCAL 
XP03 Wireline, RCAL 
XP04 Wireline 
XP05 Wireline 
 
Methodology  
Synthetic wireline logs for the five wells and RCAL data for two of the wells were generated. Facies were distributed along the 
wells in such a way that important geological markers such as coal seams are correlatable on a field-wide scale. 
The fine-scale ‘truth’ model has about 2.6 million grid cells, each with an approximate dimensions of 50m x 50m x 1m in 
the x, y and z directions respectively. Each of these grid cells was originally assigned single NTG, porosity, permeability, Sor 
and Sw values in the PUNQ study. The residual oil and water saturations of the PUNQ model on grid size scale were 
remodelled by Njoku (2011). These assigned properties were the starting point for the generation of the synthetic datasets. To 
generate the synthetic wireline logs, a resolution of 0.5 ft was used throughout the five wells. This resolution is less than the 
thickness of each grid cell in the model, which is approximately 3 ft. To populate the new depth points created along the wells, 
existing reservoir properties in grid cells traversed by the synthetic wells were remodelled using either the Gaussian normal 
distribution or some form of correlation between the reservoir properties. The properties were remodelled in such a way as to 
preserve the original values in each of the grid cells. Table 4 is a summary of how the different reservoir properties were 
remodelled to take into account the resolution of the wireline logs. 
Table 4 Methodology used in remodelling reservoir properties along the exploration wells. 
Reservoir Property Method 
Porosity Gaussian normal distribution 
NTG (sand fraction) Correlation between NTG and porosity 
Sor Gaussian normal distribution 
Sw Correlation between Sor and Sw 
Permeability Correlation between RQI and Sor 
Density, sonic, gamma ray, neutron, and flushed zone, shallow and deep resistivities logs were generated using 
mathematical models that govern the physics controlling the responses of the different logs. In areas where input parameters 
for these mathematical models were not obtainable from the ‘truth’ model or available from literature, they were assumed 
based on previous studies of Brent-type reservoirs. Core porosity data were generated using Gaussian normal distribution. Core 
horizontal and vertical permeability to air were generated from correlations between brine and air permeabilities of an analogue 
field. Some input parameters used for simulating the synthetic wireline logs were derived from ‘type’ wells in Brent group 
fields. These are tabulated in Table 5. 
Table 5 Input parameters from Brent group ‘type’ wells. 
Type Well Parameter Value 
Well BC06  Density of Mid-Ness shale (including porosity of about 5 – 15%) 2.55 g/cc (Linthorst et al., 1997) 
Well BC06  Density of coal (including porosity of about 5 – 15%) 1.80 g/cc (Linthorst et al., 1997) 
Well 3/3-3  Gamma ray of clean sand 10.0 API (Moss 1992) 
Well 211/19-4  Gamma ray of pure coal 13.0 API (Humphreys and Lott, 1992) 
Well 211/18A-A33  Gamma ray of shale 98.0 API (Humphreys and Lott, 1992) 
 
The synthetic logs generated for Well XP02 were interpreted using Interactive Petrophysics
TM
. For the interpretation, the 
entire reservoir along the well was split into seven zones: Tarbert (zone 1), upper Ness (zone 2), mid Ness (zone 3), lower Ness 
(zone 4), Etive (zone 5), Rannoch (zone 6) and Rannoch Water (zone 7).  
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Remodelling of Reservoir Properties along the Five Synthetic Exploration Wells  
NTG, porosity, permeability, Sor and Sw data extracted from the reservoir along the five synthetic exploration wells were 
remodelled as demonstrated. For those reservoir properties remodelled using the Gaussian normal distribution, the general 
form of the model used is given by Equation (2):  
𝐹 = 𝑓(𝜇, 𝜎) ............... (2) 
Where F is the reservoir property of interest; 𝑓(𝜇, 𝜎) is the normal (Gaussian) distribution, with a mean value μ and standard 
deviation σ.   
The porosity values at all the depth intervals within a grid cell were remodelled using the normal (Gaussian) random 
variables. The μ value for all the depth points within a grid cell was taken as the original porosity in that grid cell. The standard 
deviation used was 10% of the original porosity in each grid cell. Table C-2 of Appendix C gives a statistical summary of 
original and remodelled porosity values based on facies types along the five exploration wells. The Mid Ness Formation was 
assumed to have mean porosity values of about 7%. 
The NTG for the facies types 1, 2 and 3 in the Tarbert, Etive, and Rannoch Formations were remodelled using 
correlations based on their NTG-porosity crossplots (Figures C-1 to C-25). The correlations used are summarised in Table C-1. 
This technique could not be applied to facies types 4 and 5 for all the wells due to the scatter observed in the original NTG-
porosity data. For the affected facies types, Gaussian normal NTG variables were generated that tend to cluster around the 
mean values of the NTG in each of the respective grid cells. The μ value for all the depth points within a grid cell was taken as 
the original NTG in that grid cell. The standard deviation used was 10% of the original NTG in each grid cell. Table C-3 is a 
summary of the NTG statistics based on the facies types for the different formations in the five exploration wells. In the mid 
Ness Formation, the shales were assigned a mean NTG of 0.043. This mean value was chosen based on the low NTG values 
observed at some shaly intervals in the Upper and Lower Ness Formations. The Ness coals were assigned NTG values of 0. 
The residual oil saturations at the different depths in the invaded zone of wells XP01, XP02 and XP03 were remodelled 
using Gaussian normal distribution. The μ value for all the depth points within a grid cell was taken as the original residual oil 
saturation in that grid cell. For Sor > 0.2 and < 0.2 in all formations excluding Etive, σ values were taken to be 0.023 and 0.016 
respectively. Due to the relatively homogenous nature of the sands in the Etive formation, a σ value of 0.005 was used to 
generate their Gaussian random values.  
The water saturations in the uninvaded parts of the formation penetrated by wells XP01, XP02 and XP03 were 
remodelled using the Sor-Sw correlations for some facies types. These correlations are given in Figures C-26 to C-37. For 
facies types that have poor Sor-Sw correlations, the Sw values were generated using the same approach and σ values as those 
used in remodelling the Sor. The μ value for all the depth points within a grid cell was taken as the original water saturation in 
that grid cell. Tables C-4 and C-5 are a comparison of the statistics of the saturations in the original model and those 
remodelled from correlations and Gaussian normal random variables.  
Reservoir horizontal permeability data at core plug scale was remodelled using correlations between the rock quality 
index (RQI) and Sor crossplots (Figures C-38 to C-42 of Appendix C) on formation by formation basis. The data used to 
generate these correlations are from those grid blocks penetrated by Well XP02. These correlations are also applicable to the 
entire reservoir. The correlations are given in Table 6 below. 
 
Table 6 RQI-Sor correlations for the different formations. 
 
Formation Correlation Regression Type 
Tarbert RQI = 642.11×exp(-9.66×Sor) Exponential 
Upper Ness RQI = 7132.1×exp(-15.75×Sor) Exponential 
Mid Ness RQI = 7132.1×exp(-15.75×Sor) Exponential 
Lower Ness RQI = 71889×exp(-19.69×Sor) Exponential 
Etive RQI = 2306.8×exp(-19.96×Sor) Exponential 
Rannoch RQI = 1798×exp(-24.61×Sor) Exponential 
 
From RQI values, horizontal permeability is determined from the relationship: 
𝐾ℎ =  𝛷 × 𝑅𝑄𝐼
2 ............... (3) 
The vertical permeabilities, Kv of the reservoir on grid size resolution were modelled from the horizontal permeabilities, 
Kh of the reservoir using different multipliers (Njoku, 2011). These vertical permeabilities were remodelled to take into 
account the core plug scale. The choice of a multiplier (Table 7) used is a function of the facies type. The presence of laterally 
extensive mudstones interbedded with micaceous sands greatly reduces the Kv of facies 1 by several orders of magnitude. The 
micaceous sands of facies 2 contain pervasive mm-scale layering of mica concentration. Mica, being a platy material, reduces 
the Kv of the sands in facies 2 by an order of magnitude (Corbert and Jenson, 1993). Facies 3 is generally well-sorted. 
Although some level of heterogeneity exists as a result of cross-bedding, the order of magnitude of variability between Kv and 
Kh is less than one. The shales of facies 4 are essentially a non-reservoir facies and are characterised by laterally extensive 
mudstones that drastically reduce Kv. The best quality rock of facies 5 is contained within moderately sorted, cross-bedded 
channel-fill sandstones with fairly isotropic textures at core-plug scale in channels. Crevasse-splay sandstones form thin sheets 
of similar texture as the channel-fill sands. Mouth bar sandstones present in facies 5 generally have low kv/kh ratio but are 
present in relatively small amounts. 
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Table 7 Kv/Kh ratios for the five facies types at core plug scale. 
 
 
Facies Type 
 
Formation 
 
Kv/Kh Ratio 
Noise added to Kv 
Type of Noise Parameters 
Facies 1  0.001 Uniform Between 0 and 0.0001 
Facies 2 Tarbert 0.100 Normal μ = 0; σ = 2 
Rannoch 0.100 Normal μ = 0; σ = 1.5 
Facies 3  1.000 Uniform Between -8 and 0 
Facies 4  0.001 Uniform Between 0 and 0.0001 
Facies 5  1.000 Uniform Between -10 and 0 
 
Uniform noise was added to the Kv of all the facies types, with the exception being facies 2 where Gausssian normal noise was 
used. The addition of the noise was to introduce variability in the Kv/Kh ratio for the different facies types. For facies 3 and 4, 
this type of noise will prevent the Kv/Kh ratio from going to values greater than 1.  
 
Simulation of Synthetic Wireline Logs 
 
Density Log. The bulk density, ρb of the formations surrounding a borehole is recorded by the Schlumberger’s Formation 
Density Compensated (FDC) tool. The density log finds major application in the determination of formation porosity. In 
conjunction with the neutron porosity log, the density log is an excellent tool for lithology determination. The response of the 
FDC tool and other uses of the density log are discussed in Appendix C. 
 
Governing equations. The bulk density of a formation is given by (Ala, 2010) 
𝜌𝑏 = (1 − 𝛷)𝜌𝑚𝑎 + 𝛷𝜌𝑓 ............... (4) 
The flushed zone saturation-weighted fluid density is given by (Smith et al., 2003) 
𝜌𝑓 = (1 − 𝑆𝑥𝑜)𝜌𝑜 + 𝑆𝑥𝑜𝜌𝑚𝑓 ............... (5) 
The flushed zone water saturation is given by (Ala, 2010) 
𝑆𝑥𝑜 = 1 − 𝑆𝑜𝑟   ............... (6) 
ρma is the NTG-weighted matrix density, given by 
𝜌𝑚𝑎 = ∑ 𝑉𝑖𝜌𝑖
𝑛
𝑖=1  ............... (7) 
The volumes of shale, sand and coal are given by 
𝑉𝑠ℎ = 1 − 𝑁𝑇𝐺  ............... (8) 
𝑉𝑠𝑎𝑛𝑑 = 𝑁𝑇𝐺  ............... (9) 
𝑉𝑐𝑜𝑎𝑙 = 1  ............... (10) 
The mud filtrate densities for the five wells are given in Table 8. These values were derived from the mud filtrate salinity, c 
using the relationships (McCutcheon et al., 1993): 
𝜌𝑚𝑓 = 𝜌𝑤 𝑓(𝑡) + (𝐷 × 𝑐) + (𝐸 × 𝑐
1.5) + (𝐹 × 𝑐2) ............... (11) 
Where: 
𝜌𝑤(𝑡) = 1000 × [1 − (
{𝑇+288.9414}
{508929.2×(𝑇+68.1296)}×{𝑇−3.9863}2
) ] 
 𝐷 = (8.2449 × 10−1) − (4.0899 × 10−3 × 𝑇) + (7.6438 × 10−5 × 𝑇2) − (8.2467 × 10−7 × 𝑇3) 
+(5.3675 × 10−9 × 𝑇4)  
𝐸 = −(5.7240 × 10−3) + (1.0227 × 10−4 × 𝑇) − (1.6538 × 10−5 × 𝑇2) 
𝐹 = 4.8314 × 10−4  
The salinities of the mud filtrate for the five wells were all assumed to be lower than the salinity of the formation water, which 
was chosen as 25170 ppm (see Table 1 above). 
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Table 8 Densities of mud filtrate for the five exploration wells. 
 
Well Density of Mud 
Filtrate (g/cc) 
Salinity (ppm of 
NaCl equivalent) 
Resistivity of Mud 
Filtrate (Ω-m) 
Temperature 
(°F) 
Hydrogen 
Index 
XP01 1.015 22568 0.2986 70 1.0 
XP02 1.014 21572 0.3107 70 1.0 
XP03 1.016 23768 0.2853 70 1.0 
XP04 1.014 21572 0.3107 70 1.0 
XP05 1.013 20147 0.3299 70 1.0 
Input parameters. The non-micaceous sandstones of Etive, Lower Ness and Upper Ness were assigned the matrix 
density of pure quartz, that is, 2.65 g/cc. The Rannoch and Tarbert Formations contain significant quantities of mica, which 
increases the average matrix density (Moss, 1992) to about 2.78 g/cc. Although the densities of oil and water vary with 
temperature, they were assumed to be constant since the bulk density of the formation is weakly dependent on fluid density.  
Sonic Log. The sonic transit time through a formation is a function of its lithology and porosity. Dense, low porous rocks have 
low transit times, while porous and less dense formations are characterised by high transit times. The description, response and 
uses of the modern Borehole Compensated (BHC) sonic tool are discussed in Appendix C. 
Governing equations and input parameters. The sonic transit time measured is that due to the compressional wave (P-
wave). The P-wave transit time is given by (Ala, 2010) 
𝛥𝑡 =
1
𝑉
  (µs/ft) ............... (12) 
The P-wave velocity in a formation can be approximated using the Wyllie Time-Averaging Equation (Gardner, et al., 
1974): 
1
V
=
Φ
Vf
+
1−Φ
Vma
  (s/ft) ............... (13) 
 
The sonic velocity in fluid is given by (Crain, 2011) 
Vf = √(144 × Gc)/(Cf × ρf ) ............... (14) 
The matrix sonic velocity is given by (Smith et al., 2003) 
𝑉𝑚𝑎 =  
1
2
[𝑉𝑅𝑒𝑢𝑠𝑠 + 𝑉𝑉𝑜𝑖𝑔𝑡] ............... (15) 
Where  
VReuss (harmonic mean) =
1
√∑
Fi
Vi
2
n
i=1
............... (16) 
VVoigt(arithmetic mean) = √∑ FiVi
2n
i=1  ............... (17) 
Fi and Vi are the volume fraction and sonic velocity of component ‘i’. The complete derivation of the equations above is given 
in Appendix C. The list of input parameters is given in Table 9. 
Table 9 Input parameters for simulating sonic log. 
Parameter Value 
Water compressibility, Cw  3.0048 ×10E-6 psi
-1
 (Njoku, 2011) 
Oil compressibility, Co  5.0000 ×10E-6 psi
-1
 (Njoku, 2011) 
Acceleration due to gravity, Gc 32.17 lbmft/lbfs
2
  
Anthracite coal matrix velocity   9523.8 ft/s (Crain, 2011) 
Sandstone matrix velocity  19608 ft/s  (Ala, 2010) 
Mica matrix  20408 ft/s(Crain, 2011) 
Shale matrix velocity 16949 ft/s (Hansen, 1996) 
 
The volumes of mica in the Tarbert and Rannoch Formations along the five wells were assumed to vary between 9-11%. 
Table C-4 gives the statistics for the volume of mica used in simulating the synthetic sonic log. 
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Gamma Ray Log. Gamma ray logs measure the natural gamma emissions from subsurface formations. They are useful for 
detecting lithologies and for correlating zones in cased holes. The principle of operation, response and uses of the 
Schlumberger’s Natural Gamma Ray Spectrometry Tool (NGST) are discussed in Appendix C. 
 
Governing equations and input parameters. The total gamma ray response for the sandy and shaly intervals of Imperial 
Oilfield is given by   
GR = {[V𝑐𝑙𝑎𝑦(98 − 10)] + 10} + {140.52 × Vmica} ............... (18) 
Equation (19) is fully derived in Appendix C.The GR values of the coal seams present at some intervals of the three Ness 
Formations were generated using the normal (Gaussian) distribution random variables such that 
GR = f(μ, σ) ............... (19) 
Where f(μ, σ) is the normal (Gaussian) distribution, with a mean value of μ and standard deviation σ. The standard deviation 
used was 1.3, with the mean taken as 13 
o
API. The volumes of shale and coal are the same as those used in simulating the 
density and sonic logs. 
 
Neutron Log. Neutron logs respond to the amount of hydrogen in the flushed zone of a given formation. The principle of 
operation of Compensated Neutron Log (CNL) tool is discussed in Appendix C. 
 
Governing equations and input parameters. From Crain (2011), the response equation for the neutron log follows the 
classical form: 
Φn = [PHIE × Sxo × PHINw] + [PHIE × (1 − Sxo) × PHINhc] + Sum(V(sh)i × PHIN(sh)i) + Sum(Vi × PHINi) .......... (20) 
Vi is the volume fraction of matrix component ‘i’; V(sh)i is the volume fraction of shale component ‘i’. 
The effective porosity and flushed zone water saturation data used are the same as those used for the density log. The 
neutron log readings in 100% of water in the flushed zone and in 100% of oil are taken as the hydrogen indices of the mud 
filtrate and oil respectively. These are given by 
HImf = PHINw = ρmf(1 − P) ............... (21) 
Schlumberger (1991) reports that for heavy hydrocarbons (ρhc > 0.25 g/cc), 
HIhc = PHINhc = ρhc + 0.3 ............... (22) 
It was assumed that the clays of Imperial Oilfield are made up of 40% kaolinite and 60% illite. Table C-5 of Appendix C 
gives the neutron log readings in 100% muscovite (mica), quartz, illite and kaolinite. 
 
Resistivity Logs. Resistivity devices are designed to measure Rxo, Ri, and Rt resistivities of the flushed (1-6 in), transition (0.5-
3 ft) and uninvaded parts of a formation respectively (Ala, 2010). The description and working principle of the Focused 
Resistivity logging tool is discussed in Appendix C. 
 
Governing equations and input parameters. The Indonesian equation, developed by Poupon and Leveaux in 1971, considers 
the relationship between resistivity and water saturation in terms of the resistivities of shale in the reservoir, formation water 
and any interaction between the two: 
 
1
𝑅
= [
𝑉𝑠ℎ
1−(
𝑉𝑠ℎ
2
)
√𝑅𝑠ℎ
+
𝛷
𝑚
2
√𝑎𝑅𝑤
]
2
× 𝑆𝑤
𝑛 ............... (23) 
R is the resistivity of the zone of interest. The values of Vsh and ɸ used were those remodelled from the original reservoir 
model. Shale resistivity (Table 10) was assumed to be the same throughout the reservoir. Shales generally have lower 
resistivity than sandstones due to their water content and the surface conductance associated with their minerals. The coal 
seams present are assumed to have high resistivity. 
The resistivity of water at any formation depth in the zone of interest – flushed, transitional or uninvaded – was 
determined using the relationship (Crain, 2011): 
 
𝑅𝑤 = [
400000
𝑇×𝑐
]
0.88
 ............... (24) 
T and c are the formation temperature and water salinity in 
o
F and ppm respectively. The salinities of the mud filtrate for the 
five wells are given in Table 8 and the salinity of the formation water is given in Table 1. The temperature at each depth of the 
formation is determined from Equation (1) above. The other input parameters are summarised in Table 10 below.  
The saturation exponent of a formation is a function of its wettability (Schlumberger, 2011); it increases as the rock 
becomes more oil-wet. The wettability of the different facies types were modelled by Njoku (2011). Facies types 1 and 4 are 
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water wet whereas facies types 2, 3 and 5 are mixed wet. Using the work of Hodson et al., (1975) as a guide, the cementation 
exponents for the different facies types were chosen. Discontinuous, relatively impermeable, barriers, such as shale lenses, 
increase the tortuosity of fluid flow through a sand body (Alexander, 1993). The presence of mica also increases the tortuosity 
factor of facies 2.  
 
Table 10 Input parameters for the simulation of flushed zone, shallow and deep resistivity logs. 
 
Input Parameter Value Facies Type or Formation 
Saturation exponent, n 1.75  Water wet facies (facies 1 and 4) (Moss, 1992) 
2.10 Mixed wet facies (facies 2, 3 and 5) 
Cementation exponent, m 1.63 Facies 1 and 4 (shales) 
1.50 Coals of facies 4 
2.00 Facies 2 and 3 
2.02 Facies 5 
Tortuosity factor, a 1.65 Facies 1 and 4 (shales) 
2.00 Coal (Facies 4) (Tampy et al., 1988) 
1.73 Facies 2 
1.55 Facies 3 and 5 
Shale resistivity 18.0 Ωm All formations (Johnston, 1987) 
 
In the invaded (transition) zone, water resistivity is a function of the permeability and porosity of the formation (Ala, 
2010), since they influence the invasion of the mud filtrate into the formation. The invasion of the mud filtrate alters the 
salinity and saturation of the formation water.  It was assumed that an average of 10 % of the formation was invaded by the 
mud filtrate. The salinity (in ppm) and water saturation of the transition zone are computed from the relationships:  
 
𝑐 = (0.9 × 𝑐𝑡) + (0.1 × 𝑐 𝑥𝑜)  ............... (25) 
𝑆𝑤 = (0.9 × 𝑆𝑤 ) + (0.1 × 𝑆𝑥𝑜) ............... (26) 
Where the subscripts ‘t’ and ‘xo’ stand for deep (uninvaded) and flushed zones respectively. 
 
Simulated Logs. The simulated density, sonic, neutron, gamma ray, deep resistivity, shallow resistivity and flushed zone 
resistivity logs for Well XP02 are given in Figures 3 to 7. Those for the other four synthetic wells are given in Figures C-51 to 
C-70. 
 
   
Figure 3 Density log, Well XP02 Figure 4 Sonic log, Well XP02 Figure 5 Gamma ray log, Well XP02 
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Figure 6 Neutron log, Well XP02 Figure 7 LLD, LLS and MSFL logs, Well XP02  
 
Routine Core Analyses (RCAL) 
Routine (or basic) core analyses include porosities and air permeabilities measured on core plugs that are cleaned and dried 
(Pugh et al., 1991). Core data were generated for some selected intervals along wells XP02 and XP03. Core porosities were 
generated by remodelling the porosity of the original model as described above under the section on methodology. The 
permeabilities of the original model were assumed to be brine permeabilities. This assumption is based on the fact that the pore 
spaces of the reservoir were filled with brine prior to the migration of oil. All core data are assumed to be Klinkenberg and 
overburden corrected. 
Horizontal and Vertical Permeability to Air. The correlations of brine and air permeabilities developed by Pugh et al. (1991) 
were modified to fit the facies types of Imperial Oilfield. The modified correlations for brine-air horizontal permeability for 
sandy and shaly intervals are given by Equations (27) and (28) respectively: 
log(𝐾ℎ𝑏𝑟𝑖𝑛𝑒) = 1.0165 × log(𝐾ℎ𝑎𝑖𝑟) − 0.3687 ............... (27) 
log(𝐾ℎ𝑏𝑟𝑖𝑛𝑒) = 1.0470 × log(𝐾ℎ𝑎𝑖𝑟) − 0.5340 ............... (28) 
Randomness was introduced into the simulated air horizontal permeability data using Gaussian normal noise with the 
following parameters: 
For sands (facies 2, 3 and 5): μ = 0 mD and σ = 87.5 mD 
For shales and coals (facies 1 and 4): μ = 0 mD and σ = 0.175 mD 
Air vertical permeabilities were simulated in the same way brine (original model) vertical permeabilities were remodelled. This 
is discussed above in a section under remodelling of reservoir properties along the five synthetic wells.  
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Log Interpretation 
The synthetic datasets generated for Well XP02 were interpreted using Interactive Petrophysics
TM
 to test for the validity of the 
wireline logs and core porosity data modelled. The log evaluation workflow consists of clay volume estimation, porosity and 
water saturation calculations, and net reservoir/net pay quantification. 
Clay Volume Determination. Both single (GR) and double (NPHI/RHOB) clay indicators were used to estimate Vclay. The 
Schlumberger litho-density and CNL tools were assumed. These indicators respond linearly to increasing volumes of clay. For 
the estimation of Vclay using GR, the minimum and maximum GR were picked in the clean sands and shales respectively. The 
NPHI/RHOB crossplots were used to pick the clean sands and shales. The clay volume plot and the NPHI/RHOB crossplots 
for all the zones are presented in Figures D1-D8 of Appendix D. The values of clay volume parameters picked using the 
NPHI/RHOB crossplots are given in given in Figure D-9.  
Porosity and Water Saturation Determination. Porosity was computed using the Neutron Density method. The program 
calculates the porosity by using the variable matrix density logic. For the Sand/Limestone/Dolomite model, it is first decided, 
based on the matrix density, whether the Sand/Limestone or Limestone/Dolomite model should be used (Crombie, 2010). The 
porosity is calculated from 
𝛷 =  𝛷𝐷1 +
𝛷𝑁1−𝛷𝐷1
1−(𝛷𝑁1−𝛷𝑁2)/(𝛷𝐷1−𝛷𝐷2)
   ............... (29) 
Where ΦN1 and ΦN2 are neutron corrected porosities for matrix 1 and 2 respectively; ΦD1 and ΦD2 are density corrected 
porosities for matrix 1 and 2 respectively. The neutron and density corrections are made when the input matrix neutron 
porosity and density are in-between those of the minerals (sand/limestone or limestone/dolomite) present. From this porosity, 
the matrix density is calculated. 
The Indonesian Equation, an effective porosity model, was used to calculate water saturation. Clay, mud filtrate and 
formation water resistivities and cementation exponents were interactively picked using VWCL/MSFL, VWCL/LLD, 
MSFL/PHIE and LLD/PHIE crossplots until a reasonable water saturation interpretation was achieved. These crossplots are 
presented in Figures D-10 to D-11 in Appendix D. The values of porosity-water saturation parameters picked by these 
crossplots are given in Figures D-24 and D-26. A saturation exponent of 2 was found to fit the saturation model in all the zones 
except the Mid Ness (zone 3). Tortuosity factors for the different zones were chosen from knowledge of the lithology of the 
different zones. The porosity-water saturation plot for all the zones is shown in Figure 4.  
Porosity, Water Saturation and Vclay Cut-offs. To determine the average net reservoir and net pay properties in each of the 
zones, cut-offs were applied to the Vclay, Sw and porosity discriminators. These cut-offs were applied using the discriminators’ 
histograms such that the pay flag in very shaly intervals read null. The values of cut-offs used are given in Figure D-27 of 
Appendix D. The cut-off plot is given in Figure D-28. 
Results and Discussion 
Figure 8 below compares the plots of interpreted and true water saturation, effective porosity and clay volume. In the Tarbert 
and Rannoch formations (zones 1, 6 and 7), the interpreted clay volume was overestimated. This is due to the presence of 
radioactive mica in these zones. The interpreted porosity values mimic the true porosity values to a high degree of accuracy, 
except in shaly intervals, such as the Mid-Ness (zone 3) and in zones containing micaceous sands. Radioactive mica increases 
the response of a gamma ray log, which in turn predicts higher amount of clay than is present. The overestimation of clay 
volume results in the underestimation of effective porosity since the presence of clay reduces the effective porosity of a 
formation. Thus, the density, gamma ray, sonic and neutron logs generated give a good interpretation of the lithologies of the 
reservoir. 
The interpreted water saturations compare reasonably well with the true water saturations except at intervals that are shaly 
or those that contain coal seams. Shales and coal seams were interpreted as having very high water saturations because they are 
non-reservoir rocks made up of free and bound water. Although the true water saturations were modelled such that the non-
reservoir rocks have relatively low water saturations than they should have, the overall interpretation of the water saturation is 
not affected since wells do not generally produce from non-pay zones. 
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Figure 8 Comparisons between interpreted and true Sw, PHIE and Vclay. 
The lithology track of Figure 9 shows the different lithologies present. Compared to shales, sands are characterized by 
relatively lower gamma ray, neutron porosity, and higher deep resistivity in the oil zones (all zones except zone 7). In the water 
leg (zone 7), water saturation is 100 %. The flushed zone and deep resistivity curves track each other in the water zone, 
whereas they separate in the oil column. Deep resistivity is higher than the flushed zone resistivity in the oil zones because the 
mud filtrate is conductive. Coal seams are present in zones 2, 3 and 4. They have low gamma ray, high sonic transit time, high 
deep resistivity and they have high neutron porosity values. 
Track 11 is a display of core (in red dotted curve) against log interpreted (in blue continuous curve) porosities. These 
porosities generally show a good correlation between them except in shaly and coal intervals where the interpreted porosity 
was under estimated. 
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Figure 9 Porosity - water saturation plot for all the zones of well XP02. 
 
Conclusions and Recommendations 
As part of the Imperial Oilfield case study, synthetic wireline and RCAL datasets were simulated. These datasets give 
good interpretations of the lithologies and petrophysical parameters (NTG, Sw and porosity) of the fine-scale ‘truth’ model 
along the synthetic well analysed. Since the same methodology was used in simulating the datasets along all the five wells, the 
datasets can be interpreted in much the same way to give the average petrophysical parameters over the entire field. From the 
interpreted lithologies, some important geological markers, such as the Mid Ness shales and the coal seams in the different 
Ness Formations, can be correlated over the entire Imperial Oilfield reservoir.  
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The essence of this project is to develop comprehensive synthetic datasets that will be used for integrated field 
development projects by educational establishments worldwide. The challenges that the students will likely encounter will be 
the in the area of identifying the various facies types and the different formations that make up the Imperial Oilfield reservoir. 
Knowledge of the complex facies types of the different formations will be useful in guiding the students in accurately 
interpreting the available datasets to obtain the petrophysical parameters of the reservoir.  
To appraise and characterise the Imperial Oilfield reservoir, different synthetic datasets are required. These include 
seismic, fluids, SCAL, RCAL, wireline, DST, RFT, production, and well test data. The seismic datasets have been developed 
by Suleman (2011); SCAL and fluids data were simulated by Njoku (2011). The next phase of establishing the Imperial 
Oilfield case study should, therefore, focus on generating DST, RFT, production and well test data for the different exploration 
wells.  
Nomenclature 
a Tortuosity factor 
c Salinity, ppm  
Cf Fluid compressibility, Pa
-1 
CNL Compensated Neutron Log 
Co Oil compressibility, Pa
-1 
Cw Water compressibility, Pa
-1 
DLL Dual Lateralog 
DST Drill Stem Test 
Fi Volume fraction of the ith component of a matrix 
rock, fraction 
F(sh)i Volume fraction of the ith component of shale, 
fraction 
GR Gamma Ray, API 
HImf Hydrogen index of mud filtrate 
HImf Hydrogen index of hydrocarbon 
K Bulk modulus, Pa 
K
40 
Radioactive potassium, µg/gm 
LLD Deep Lateralog 
LLS Shallow Lateralog 
m Cementation exponent 
MeV Million electron Volts 
MSFL Micro-Spherical Focused Log 
n Saturation exponent 
NPHI Neutron porosity 
PHIE Effective fractional porosity 
PHINhc Neutron log reading in 100% hydrocarbon 
PHINi Neutron log reading in 100% of the matrix 
component ‘i' 
PHIN(sh)i  Neutron log reading in 100% of the shale 
component ‘i' 
PHINw Neutron log reading in 100% water 
R Resistivity of zone of interest, Ωm 
RFT Repeat formation test 
RHOB Bulk density, g/cc 
Ri Transition zone resistivity, Ωm 
Rmf Mud filtrate resistivity, Ωm 
Rsh Shale resistivity, Ωm 
Rw Formation water resistivity, Ωm 
Rxo Flushed zone resistivity, Ωm 
Sor Residual oil saturation, fraction 
Sw Water saturation 
Sxo Flushed zone water saturation, fraction 
T Temperature in 
0
C 
Th
232 
Radioactive thorium, µg/gm 
U
238
 Radioactive uranium, µg/gm 
V Sonic Velocity, ft/s 
Vclay Volume of clay, fraction 
Vf Compressional Fluid velocity, ft/s 
Vi Matrix velocity of component ‘i' 
Vma Sonic matrix velocity 
Vmica Volume fraction of muscovite 
Vsh Volume of shale, fraction 
VWCL Volume of wet clay, fraction 
ρb Bulk density, g/cc 
ρf Fluid density, g/cc 
ρi Matrix density of component ‘i’, g/cc 
ρma Matrix density, g/cc 
ρmf Mud filtrate density, g/cc 
ρo Oil density, g/cc 
ρw f(t) Density of water as a function of temperature 
Φ Porosity 
Φn Neutron porosity 
 
SI Metric Conversion Factors 
o
API     141.5/(131.5 + 
o
API) = g/cm
3
 
bbl × 1.589873 E-01= m
3 
*
cp × 1.0
 
E-03 = Pa.s 
*
ft × 3.048 E-01= m 
o
F         (
o
F – 32)/1.8 = oC 
mD × 9.869233 E-13 = m
2 
lb/ft
3
 × 1.601846 E+01 = kg/m
3
 
*
 ppm × 1.0 E+03 = g/kg 
psi × 6.894757 E+00 = kPa 
scf/stb × 1.801175 E-01 = std m
3
/ std m
3 
 
*
Conversion factor is exact. 
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Appendix A Critical Literature Survey 
Journal/Paper 
Number 
Year Title Author(s) Contribution 
The Log 
Analyst, vol. 
32, Number 5 
1991 Correlations of 
Liquid and Air 
Permeabilities for 
Use in Reservoir 
Engineering 
Studies 
Virgil J. Pugh 
David C. Thomas 
Surendra P. Gupta 
The paper discusses on 
developing correlations 
between air and liquid 
permeabilities for sandstone 
and carbonate reservoirs, with 
permeability range from 0.1 – 
10000 mD. 
Geological 
Society, 
London, 
Special 
Publications, 
v. 61, p. 471-
496  
1992 The Petrophysical 
Characteristics of 
the Brent 
Sandstones 
Brian Moss The paper discusses the 
common ranges and principal 
controlling factors of porosity, 
permeability, capillary 
characteristics and fluid 
saturations of the Brent 
sandstones. 
SPE-64311 2000 A Petroleum 
Engineering 
Educational Model 
Based on the 
Maureen Field 
UKCS 
Alain C. Gringarten 
Deryck J. Bond 
Matthew D. Jackson 
Xu –Dong Jing 
Mike Ala 
Howard D. Johnson 
The paper discusses on the 
importance and success of 
petroleum multi-disciplinary 
integrated field development 
project at Imperial College 
London. 
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The Log Analyst, vol. 32, Number 5 (1991) 
Correlations of Liquid and Air Permeabilities for Use in Reservoir Engineering Studies  
Authors: 
Virgil J. Pugh 
David C. Thomas 
Surendra P. Gupta  
 
Contribution to the understanding of developing synthetic RCAL dataset for the Imperial Oilfield 
reservoir: 
Good correlations exist between liquid and air permeabilities for sandstone, carbonate and clayey 
reservoirs, with permeability ranging from 0.1 to 10000 mD. 
Objectives of the paper: 
To develop correlations between liquid and air permeabilities for sandstone, carbonate and clayey 
reservoirs, covering a permeability range from 0.1 to 10000 mD. 
Methodology used: 
Permeability measurements accumulated on numerous reservoirs (875 wells) over a 40-year period were 
retrieved and analysed to evaluate the relationships between air and liquid permeabilities. 
Conclusion reached: 
1. Comparisons of liquid and air permeabilities show a strong correlation supporting the use of air 
permeabilities in evaluating reservoir quality and in the development of reservoir descriptions. 
2. Air permeabilities are useful in describing many reservoirs. 
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Geological Society, London, Special Publications, v. 61, (1992) p. 471-496  
The Petrophysical Characteristics of the Brent Sandstones  
Author: 
Brian Moss  
Contribution to the understanding of developing synthetic wireline and RCAL datasets for the Imperial 
Oilfield reservoir: 
The paper shows, through the use of examples, that a thorough understanding of the petrophysical 
characteristics of a reservoir rock requires several types of data into a single model. The wireline and log 
and laboratory core analyses provide a quantitative input, whilst geological factors such as mineralogy, 
diagenetic history, and sedimentary fabric provide a most necessary framework within which the pore 
geometry variability, detected by log and core data, can be examined. 
Objectives of the paper: 
The paper describes the commonly occurring ranges and principal controlling factors of the porosity, 
permeability, capillary characteristics and fluid saturations of the Brent sandstone. It also reviews the 
variability and the degree to which these properties are influenced by the geological characteristics of the 
Brent sandstones. 
Conclusion reached: 
1. In petrophysical terms, the Brent sands comprise very fine to coarse sands, interbedded with 
siltstones, mudstones and some conglomerates and varying widely in interstitial clay content. 
2. The porosity, saturation, permeability and net to gross of the Brent sands have broad ranges of 
variability.  
Comments: 
Petrophysical studies of reservoir rocks are used to (1) establish the reserves present in a field and; (2) to 
derive a quantitative description of reservoir quality and its variability in three dimensions within the 
formation or the formations comprising the field and (3) to establish the extent of hydraulic continuity 
within the formations in order to allow the modelling of the behaviour of the contained fluids under the 
dynamic conditions of production and/or injection. 
  
20                                                                      Establishing the Imperial Oilfield Case Study: Part 1 – Reservoir Appraisal and Characterisation                                               
 
SPE 64311 (2000) 
A Petroleum Engineering Educational Model Based on the Maureen Field UKCS 
Authors: 
Alain C. Gringarten 
Deryck J. Bond 
Matthew D. Jackson 
Xu -Dong Jing 
Mike Ala 
Howard D. Johnson 
Contribution to the understanding of developing synthetic wireline and RCAL datasets for the Imperial 
Oilfield reservoir: 
The paper was the first to develop an educational model based on real data for the purpose of integrated 
field development project involving multi-disciplinary teams of petroleum engineers, geoscientists and 
geophysicists.  
Objectives of the paper: 
To describe the rationale for developing a group project exercise based on real field data, the approach 
used to develop the group projects and the lessons learned. 
Methodology used: 
This paper used the approach of integrated field development based on the reservoir management process 
suggested by Gringarten A.C. (1998). 
Conclusion reached: 
On the basis of two years of experience, group field development project is a successful and stimulating 
exercise which 
3. enables course materials to be reinforced and introduces student to the types of data they will meet 
in industry; 
4. teaches students how to identify and deal with erroneous data and to resolve apparent 
incompatibilities between data from different sources; 
5. allows students to develop a critical attitude toward data processing results; 
6. provides the opportunity for students to work in realistic multi-disciplinary teams. 
Comments: 
This paper discusses how real data are used by multi-disciplinary teams of petroleum engineers, 
geoscientists and geophysicists to develop a reservoir model and not how to develop synthetic dataset 
from a given model. 
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Appendix B Reservoir Properties 
 
Table B-1 Discriminants for all facies types. 
Facies Zone(s) Discriminant(s) Facies Description 
1 Tarbert and Rannoch SWL > 0.21 (Tarbert) 
SWL > 0.44 (Rannoch) 
Distal lower shoreface / interbedded shale 
and micaceous sandstones 
2 Tarbert and Rannoch SWL < 0.21 (Tarbert) 
SWL < 0.44 (Rannoch) 
Proximal lower shoreface / micaceous 
sandstones 
3 Etive  Upper shoreface, foreshore and barrier island 
complex / clean sandstones 
4 Lower Ness, Middle 
Ness, and Upper Ness 
Kh < Threshold Kh* Shale and coal 
5 Lower Ness and Upper 
Ness 
Kh > Threshold Kh* channel-fill, mouth-bar and crevasse-splay 
sandstones / sandstones 
 
Legend 
* Threshold Kh = 10^((-3*NTG)+2) 
 
Table B-2 Average reservoir properties of Imperial Oilfield based on formations. 
Formation Porosity (fraction) Kh (mD) NTG (fraction) 
Tarbert 0.12 – 0.29 10 - 800 0.49 – 1.00 
Upper Ness 0.15 – 0.27 40 - 2220 0.47 – 1.00 
Mid Ness    
Lower Ness 0.15 – 0.28 30 - 2140 0.46 – 1.00 
Etive 0.20 – 0.28 100 - 1900 0.62 – 0.97 
Rannoch 0.12 – 0.25 36- 600 0.46 – 0.96 
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Appendix C Synthetic Wireline Dataset 
 
  
      Figure C-1 Poro-NTG crossplots for Tarbert, Well XP01 Figure C-2 Poro-NTG crossplots for Rannoch, Well XP01 
 
  
Figure C-3 Poro-NTG crossplots for Etive, Well XP01 Figure C-4 Poro-NTG crossplots lower Ness, Well XP01 
 
  
Figure C-5 Poro-NTG crossplots for upper Ness, Well XP01 Figure C-6 Poro-NTG crossplots for Tarbert, Well XP02 
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Figure C-7 Poro-NTG crossplots for Rannoch, Well XP02 Figure C-8 Poro-NTG crossplots for Etive, Well XP02 
   
  
Figure C-9 Poro-NTG crossplots for lower Ness, Well XP02 Figure C-10 Poro-NTG crossplots for upper Ness, Well XP02 
     
  
Figure C-11 Poro-NTG crossplots for Tarbert, Well XP03 Figure C-12 Poro-NTG crossplots for Rannoch, Well XP03 
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Figure C-13 Poro-NTG crossplots for Etive, Well XP03 Figure C-14 Poro-NTG crossplots for upper Ness, Well XP03 
  
  
Figure C-15 Poro-NTG crossplots for lower Ness, Well XP03 Figure C-16 Poro-NTG crossplots for Tarbert, Well XP04 
  
  
Figure C-17 Poro-NTG crossplots for Rannoch, Well XP04 Figure C-18 Poro-NTG crossplots for Etive, Well XP04 
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Figure C-19 Poro-NTG crossplots for upper Ness, Well XP04 Figure C-20 Poro-NTG crossplots for lower Ness, Well XP04 
    
  
Figure C-21 Poro-NTG crossplots for Tarbert, Well XP05 Figure C-22 Poro-NTG crossplots for Rannoch, Well XP05 
  
  
Figure C-23 Poro-NTG crossplots for Etive, Well XP05 Figure C-24 Poro-NTG crossplots for upper Ness, Well XP05 
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                Figure C-25 Poro-NTG crossplots for lower Ness, Well XP05 
 
Table C-1 Poro-NTG Correlations for the five exploration wells 
Well Zone Facies Type Correlation Correlation Type 
XP01 Tarbert 1 NTG = (5.4714×ɸ)+3E-05
 
Linear 
2 NTG = 2.489×ɸ
0.7769 
Power 
Etive 3 NTG = 2.3295×ɸ
0.742
 Power 
Rannoch 1 NTG = (2.3827×ɸ)+0.1917
 
Linear 
2 NTG = (1.5972×ɸ)+0.4399
 
Linear 
XP02 Tarbert 1 NTG = (3.7888×ɸ)+0.0076
 
Linear 
2 NTG = [0.539×ln(ɸ)]+1.6267
 
Log (natural) 
Etive 3 NTG = (2.3902×ɸ)+0.14
 
Linear 
Rannoch 1 NTG = 0.9264×ɸ
0.3903
 Power 
2 NTG = (2.0436×ɸ)+0.2634
 
Linear 
XP03 Tarbert 1 NTG = (-2.8441×ɸ)+1.0048
 
Linear 
2 NTG = 1.6365×ɸ
0.4511
 Power 
Etive 3 NTG = (2.5971×ɸ)+0.2328
 
Linear 
Rannoch 1 NTG = (1.0866×ɸ)+0.3276
 
Linear 
2 NTG = 1.1042×ɸ
0.2675
 Power 
XP04 Tarbert 1 NTG = (2.3625×ɸ)+0.0612
 
Linear 
2 NTG = (1.1604×ɸ)+0.5856 Linear 
Etive 3 NTG = 0.3007×exp 
(3.3478×ɸ)
 Exponential 
Rannoch 1 NTG = (1.9049×ɸ)+0.0895
 
Linear 
2 NTG = (2.2936×ɸ)+0.1618
 
Linear 
XP05 Tarbert 1 NTG = 0.8638×ɸ
0.1933
 Power 
2 NTG = [0.3047×ln(ɸ)]+1.3829
 
Log (natural) 
Etive 3 NTG = 2.0883×ɸ
0.6923
 Power 
Rannoch 1 NTG = 0.8115×ɸ
0.2459
 Power 
2 NTG = 1.7386×ɸ
0.5362
 Power 
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Table C-2 Summary of original and remodelled porosity data based on facies types for the five exploration wells. 
Well Zone Facies 
Type 
Mean 
(Original) 
Standard Deviation 
(Original) 
Mean 
(Remodelled) 
Standard Deviation 
(Remodelled) 
XP01 Tarbert 1 0.1299 0.0049 0.1295 0.0139 
2 0.2272 0.0523 0.2269 0.0544 
Upper 
Ness 
4 0.0847 0.0461 0.0798 0.0304 
5 0.2254 0.0598 0.2221 0.0478 
Mid Ness 4   0.0717 0.0186 
Lower 
Ness 
4 0.1214 0.0393 0.1196 0.0388 
5 0.2452 0.0605 0.2458 0.0534 
Etive 3 0.2421 0.0315 0.2452 0.0265 
Rannoch 1 0.0813 0.0457 0.0849 0.0434 
2 0.1913 0.0507 0.1903 0.0520 
XP02 Tarbert 1 0.0929 0.0282 0.0947 0.0182 
2 0.2431 0.0550 0.2453 0.0535 
Upper 
Ness 
4 0.0670 0.0181 0.0671 0.0108 
5 0.2331 0.0573 0.2366 0.0530 
Mid Ness 4   0.0699 0.0280 
Lower 
Ness 
4 0.0975 0.0236 0.0954 0.0203 
5 0.2260 0.0542 0.2247 0.0489 
Etive 3 0.2914 0.0267 0.2905 0.0266 
Rannoch 1 0.1081 0.0346 0.1070 0.0338 
2 0.2003 0.0514 0.2049 0.0506 
XP03 Tarbert 1 0.1191 0.0157 0.1215 0.0120 
2 0.2186 0.0689 0.2193 0.0645 
Upper 
Ness 
4 0.0949 0.0365 0.0927 0.0319 
5 0.2513 0.0528 0.2531 0.0543 
Mid Ness 4   0.0711 0.0188 
Lower 
Ness 
4 0.1011 0.0056 0.1011 0.0046 
5 0.2270 0.0506 0.2275 0.0515 
Etive 3 0.2417 0.0338 0.2418 0.0343 
Rannoch 1 0.0774 0.0450 0.0767 0.0387 
2 0.1854 0.0607 0.1898 0.0520 
XP04 Tarbert 1 0.1302 0.0674 0.1285 0.0613 
2 0.2766 0.0740 0.2780 0.0729 
Upper 
Ness 
4 0.0653 0.0171 0.0639 0.0217 
5 0.2384 0.0488 0.2394 0.0491 
Mid Ness 4   0.0719 0.0222 
Lower 
Ness 
4 0.1062 0.0501 0.1073 0.0148 
5 0.2505 0.0468 0.2484 0.0464 
Etive 3 0.2800 0.0307 0.2866 0.0295 
Rannoch 1 0.0836 0.0428 0.0849 0.0188 
2 0.2161 0.0532 0.2164 0.0522 
XP05 Tarbert 1 0.1082 0.0256 0.1102 0.0286 
2 0.2015 0.0709 0.1995 0.0724 
Upper 
Ness 
4 0.0674 0.0301 0.0706 0.0225 
5 0.2436 0.0617 0.2433 0.0581 
Mid Ness 4   0.0713 0.0129 
Lower 
Ness 
4 0.0772 0.0220 0.0798 0.0211 
5 0.2346 0.0560 0.2375 0.0562 
Etive 3 0.2514 0.0326 0.2513 0.0314 
Rannoch 1 0.1455 0.0560 0.1432 0.0468 
2 0.2355 0.0379 0.2338 0.0424 
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Table C-3 Summary of original and remodelled NTG data based on facies types for the five exploration wells. 
Well Zone Facies Type Mean 
(Original) 
Standard Deviation 
(Original) 
Mean 
(Remodelled) 
Standard Deviation 
(Remodelled) 
XP01 Tarbert 1 0.4153 0.0924 0.4092 0.0936 
2 0.8255 0.1569 0.8246 0.1508 
Upper 
Ness 
4 0.1794 0.1104 0.1727 0.1179 
5 0.7731 0.1605 0.7723 0.1542 
Mid Ness 4   0.0420 0.0259 
Lower 
Ness 
4 0.2584 0.1053 0.2582 0.0276 
5 0.7883 0.1693 0.7947 0.1511 
Etive 3 0.8134 0.0916 0.8196 0.0695 
Rannoch 1 0.3853 0.1532 0.3779 0.1384 
2 0.7454 0.0955 0.7439 0.0855 
XP02 Tarbert 1 0.3618 0.1423 0.3617 0.0855 
2 0.8415 0.0942 0.8474 0.1266 
Upper 
Ness 
4 0.2761 0.0646 0.2771 0.0541 
5 0.7726 0.1677 0.7679 0.1635 
Mid Ness 4   0.0433 0.0253 
Lower 
Ness 
4 0.1908 0.0829 0.1887 0.1161 
5 0.8086 0.1470 0.8030 0.1426 
Etive 3 0.8265 0.1037 0.8301 0.0805 
Rannoch 1 0.3908 0.0744 0.3864 0.0581 
2 0.6772 0.1128 0.6812 0.1059 
XP03 Tarbert 1 0.6747 0.0463 0.6610 0.0372 
2 0.8282 0.1546 0.8372 0.1159 
Upper 
Ness 
4 0.1867 0.1012 0.1791 0.1037 
5 0.8011 0.1421 0.8109 0.1207 
Mid Ness 4   0.0424 0.0270 
Lower 
Ness 
4 0.1971 0.0000 0.1971 0.0000 
5 0.7725 0.1433 0.7825 0.1104 
Etive 3 0.8475 0.1017 0.8552 0.0961 
Rannoch 1 0.3817 0.1494 0.3759 0.1462 
2 0.6941 0.1079 0.7027 0.0645 
XP04 Tarbert 1 0.3491 0.1482 0.3494 0.1602 
2 0.8919 0.1448 0.8947 0.1194 
Upper 
Ness 
4 0.1680 0.1074 0.1705 0.0704 
5 0.7666 0.1512 0.7643 0.1294 
Mid Ness 4   0.0483 0.0243 
Lower 
Ness 
4 0.2754 0.0964 0.2857 0.0900 
5 0.7881 0.1386 0.7937 0.1304 
Etive 3 0.7731 0.0912 0.7843 0.0903 
Rannoch 1 0.2668 0.0934 0.2681 0.0684 
2 0.6575 0.1385 0.6656 0.1365 
XP05 Tarbert 1 0.5609 0.0500 0.5591 0.0330 
2 0.8741 0.1310 0.8692 0.1255 
Upper 
Ness 
4 0.2331 0.0869 0.2277 0.0951 
5 0.8456 0.1052 0.8535 0.0866 
Mid Ness 4   0.0436 0.0268 
Lower 
Ness 
4 0.1591 0.1108 0.1601 0.0916 
5 0.7641 0.1790 0.7751 0.1452 
Etive 3 0.7964 0.0924 0.7961 0.0753 
Rannoch 1 0.4952 0.0797 0.4819 0.1116 
2 0.8034 0.0952 0.7948 0.0835 
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Figure C-26  Sor-Sw crossplot for Tarbert, Well XP01. Figure C-27 Sor-Sw crossplot for upper Ness, Well XP01. 
  
  
Figure C-28  Sor-Sw crossplot for lower Ness, Well XP01. Figure C-29  Sor-Sw crossplot for Etive, Well XP01. 
  
  
Figure C-30  Sor-Sw crossplot for Rannoch, Well XP01. Figure C-31  Sor-Sw crossplot for Tarbert, Well XP02. 
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Figure C-32 Sor-Sw crossplot for upper Ness, Well XP02. Figure C-33  Sor-Sw crossplot for lower Ness, Well XP02. 
  
  
Figure C-34  Sor-Sw crossplot for Etive, Well XP02 Figure C-35  Sor-Sw crossplot for Rannoch, Well XP02. 
 
  
Figure C-36  Sor-Sw crossplot for Tarbert, Well XP03. Figure C-37 Sor-Sw crossplot for upper Ness, Well XP03. 
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Table C-4 Comparisons between original and remodelled Sor. 
Well Zone Facies 
Type 
Mean Sor 
 (Original) 
Standard Deviation 
(Original) 
Mean Sor 
 (New) 
Standard 
Deviation (New) 
XP01 Tarbert 1 0.4855 0.0310 0.4832 0.0341 
2 0.3038 0.0771 0.3038 0.0783 
Upper Ness 4 0.5395 0.0348 0.5419 0.0374 
5 0.3462 0.0366 0.3453 0.0400 
Mid Ness 4   0.5511 0.0328 
Lower Ness 4 0.5715 0.0349 0.5710 0.0370 
5 0.4054 0.0333 0.4054 0.0364 
Etive 3 0.2032 0.0175 0.2031 0.0173 
Rannoch 1 0.2793 0.0237 0.2796 0.0264 
2 0.2032 0.0233 0.2037 0.0258 
XP02 Tarbert 1 0.5941 0.0450 0.5925 0.0466 
2 0.3342 0.0782 0.3337 0.0799 
Upper Ness 4 0.5518 0.0037 0.5509 0.0208 
5 0.3406 0.0529 0.3402 0.0553 
Mid Ness 4   0.5475 0.0314 
Lower Ness 4 0.5420 0.0371 0.5400 0.0406 
5 0.3884 0.0418 0.3884 0.0447 
Etive 3 0.1697 0.0199 0.1686 0.0193 
Rannoch 1 0.2490 0.0000 0.2490 0.0117 
2 0.1851 0.0315 0.1848 0.0333 
XP03 Tarbert 1 0.5118 0.0339 0.5131 0.1430 
2 0.3418 0.0667 0.3382 0.0739 
Upper Ness 4 0.5553 0.0301 0.5546 0.0304 
5 0.3322 0.0389 0.3314 0.0412 
 
Table C-5 Comparisons between original and remodelled Sw. 
Well Zone Facies 
Type 
Mean Sw 
 (Original) 
Standard Deviation 
 (Original) 
Mean Sw 
 (New) 
Standard 
Deviation 
 (New) 
XP01 Tarbert 1 0.2315 0.0113 0.2319 0.0107 
2 0.1508 0.0280 0.1509 0.0285 
Upper 
Ness 
4 0.2362 0.0096 0.2362 0.0219 
5 0.1441 0.0218 0.1446 0.0231 
Mid Ness 4   0.2805 0.0328 
Lower 
Ness 
4 0.2589 0.0085 0.2587 0.0189 
5 0.1817 0.0327 0.1827 0.0352 
Etive 3 0.1473 0.0101 0.1466 0.0098 
Rannoch 1 0.4493 0.0000 0.4493 0.0027 
2 0.3266 0.1557 0.3284 0.1563 
XP02 Tarbert 1 0.2315 0.0113 0.2319 0.0107 
2 0.1508 0.0280 0.1509 0.0285 
Upper 
Ness 
4 0.2362 0.0096 0.2362 0.0219 
5 0.1441 0.0218 0.1446 0.0231 
Mid Ness 4   0.2805 0.0328 
Lower 
Ness 
4 0.2589 0.0085 0.2587 0.0189 
5 0.1817 0.0327 0.1827 0.0352 
Etive 3 0.1473 0.0101 0.1466 0.0098 
Rannoch 1 0.4493 0.0000 0.4493 0.0027 
2 0.3266 0.1557 0.3284 0.1563 
XP03 Tarbert 1 0.2305 0.0049 0.2302 0.0210 
2 0.1527 0.0251 0.1521 0.0263 
Upper 
Ness 
4 0.2327 0.0089 0.2591 0.0622 
5 0.2069 0.1637 0.2078 0.1698 
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Figure C-38  Sor-RQI crossplot for Tarbert Formation Figure C-39  Sor-RQI crossplot for Upper Ness Formation 
 
  
Figure C-40 Sor-RQI crossplot for Lower Ness Formation Figure C-41 Sor-RQI crossplot for Etive Formation 
 
 
Figure C-42 Sor-RQI crossplot for Rannoch Formation 
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Density Log 
Formation Density Compensated tool. The ρb of the formations surrounding a borehole is recorded 
by the FDC. A typical FDC logging tool is shown in Figure C-1. It consists of a gamma ray source and 
two detectors mounted on a pad. The pad presses against the borehole wall by a spring loaded arm and 
carries a plough which scrapes some of the mud cake to minimise its contribution to the bulk density 
measurement (Ala, 2010). To prevent invalid log readings over any interval, care is taken to ensure that 
the pad makes a continuous contact with the borehole wall. 
 
Figure C-43 Formation Density Compensated tool (Schlumberger, 1991) 
The gamma rays enter the surrounding rocks where some are absorbed. Some gamma rays survive to 
reach scintillation counters mounted 18 and 24 inches above the source (Crain, 2011). The number of 
gamma rays arriving at the far detector is inversely proportional to the electron density of the rock, which 
in turn is proportional to the rock’s actual density. Data from the closer detector is used to correct for 
borehole effects. 
FDC tool response. The FDC logging tool is a porosity indicator. Dense, low porous rocks are 
characterized by high ρb values, while higher porous zones are less dense and are associated with lower ρb 
readings. Like the Neutron log, the primary calibration standard for the FDC is a freshwater-filled 
limestone of high purity and accurately known density. Consequently, the tool reads the porosity only in a 
limestone matrix. 
The depth of investigation of the tool is approximately 4 inches at mid densities, slightly higher at 
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lower densities and slightly lower at higher densities. Thus, the tool senses the flushed zone, which 
contains mud filtrate and possible residual hydrocarbon in the pores of the formation. There is usually 
insufficient difference in the densities of water and oil for the log to sense residual oil in the flushed zone 
(Ala, 2010). On the other hand, it can sense residual gas, especially in high porosity and low gas pressure 
zones. The effect of this is a lowering of the ρb reading, resulting in a spuriously large computed porosity. 
The vertical resolution of the tool is given by the distance between the two detectors (about 6 inches 
or 0.5 ft). 
Uses of density log. The uses of the density log include the following:  
1. The porosity of a formation can be derived from the density log. For a formation with a matrix 
density ρma, fluid density ρf and bulk density ρb, the log derived porosity ΦD is given by 
 𝛷𝐷 =
(𝜌𝑚𝑎−𝜌𝑏)
(𝜌𝑚𝑎−𝜌𝑓)
 .............. (C-1) 
2. Density from the formation density log is often used in combination with acoustic velocity from 
the sonic log to calculate acoustic impedance down a well. This impedance can be used to 
generate synthetic seismograms for use in the interpretation of seismic data.  
3. When used with the neutron porosity log, the density log serves as a very good lithology 
identification tool. 
4. Other uses of the density log include identification of evaporates, shale compaction, age, 
unconformity, and overpressured zones; recognition of accessory mineralogies and fraction; and 
estimation of organic content of source rocks.  
Sonic Log 
Borehole Compensated sonic tool. The modern sonic tool in use is the Borehole Compensated 
(BHC) type in which automatic corrections are made to overcome deficiencies such as changes in 
borehole size, which cause anomalies on the transit time curve (Kokesh and Blizard, 1959), and tilting of 
the sonde with respect to the axes of the borehole, which causes errors in transit time measurements 
(Kokesh, et al., 1965). 
Figure 44 is a schematic representation of the BHC Sonic tool, which comprises of a pair of 
transmitters and two pairs of receivers. 
Establishing the Imperial Oilfield Case Study: Part 1 – Reservoir Appraisal and Characterisation                                                                         35 
 
Figure C-44 Borehole Compensated sonic tool (Rider, 1996). 
The Schlumberger BHC tool has a spacing of 3 ft between transmitter and near receiver and a span of 
2 ft between receivers. The transmitters are pulsed a total of 20 times per second so that five complete 
measurements are made each second. The logging speed of 5000 ft/hr implies that a measurement is made 
about every 3 inches of hole. The depth of penetration of the BHC sonic tool is about 4–10 cm. 
Cycle skipping. When the sonic curve shows a very abrupt and large excursion toward higher transit 
time values, cycle skipping is said to have occurred. This is happens whenever the first arrival, although 
not strong enough to trigger the receiver nearer the transmitter, is too weak by the time it reaches the far 
receiver to trigger it. Instead, the far receiver may be triggered by a different, later arrival, and the travel 
time measured on this pulse cycle will then be too large. Cycle skipping is usually caused by the 
attenuation of signal by unconsolidated formations, formations fractures, gas saturations and rugose salt 
sections. 
Uses of sonic log. The sonic log is a useful tool for the evaluation of porosity and for the 
determination of lithology. Used with the density log, the sonic log is deployed in the generation of 
synthetic seismograms. 
Another important application of the sonic log is in the detection of abnormal pressures in a given 
formation. 
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Table C-6 Statistics for the volume fraction of mica in the Tarbert and Rannoch Formations. 
Well Formation Mean Standard Deviation Range 
XP01 Tarbert 0.0972 0.0556 0.0001 – 0.1890 
Rannoch 0.1096 0.0238 0.0114 – 0.1592 
XP02 Tarbert 0.0988 0.0518 0.0000 – 0.1980 
Rannoch 0.1120 0.0206 0.0500 – 0.1676 
XP03 Tarbert 0.1064 0.0507 0.0024 – 0.1965 
Rannoch 0.1088 0.0263 0.0210 – 0.1641 
XP04 Tarbert 0.0856 0.0510 0.0000 – 0.1800 
Rannoch 0.1099 0.0204 0.0000 – 0.1513 
XP05 Tarbert 0.0958 0.0535 0.0000 – 0.1972 
Rannoch 0.1052 0.0302 0.0000 – 0.1740 
Governing equations and input parameters. The sonic transit time measured is that due to the 
compressional or P wave. The P wave velocity is given by (Gardner, et al., 1974): 
V = √
K
ρ
.............. C-2  
Assuming a homogenous fluid, uniformly distributed throughout the pore spaces of the formation rock, 
the bulk modulus of the fluid mixture can be calculated using the isostress (or Reuss) average (Smith et 
al., 2003): 
Kf = [∑
Si
Ki
n
i=1 ]
−1
 .............. C-3  
The compressibility of a fluid is inversely related to its bulk modulus: 
Kf ∝  
1
Cf
 .............. C-4  
Thus, for a homogenous mixture of oil and water 
 
Cf = SwCw + (1 − Sw)Co  .............. C-5   
The velocity of sound in a fluid medium is given by (Crain, 2011) 
Vf = √(144 × Gc)/(Cf × ρf ) .............. C-6  
The P-wave velocity in a formation can be approximated using the Wyllie Time-Averaging Equation 
(Gardner, et al., 1974), 
1
V
=
ɸ
Vf
+
1−ɸ
Vma
  (s/ft) .............. C-7  
The matrix velocity is given by the Voigt-Reuss-Hill averaging of the sonic velocities of the mineral 
constituents of the rock. This average velocity is derived from the bulk moduli of the rock matrix. For a 
rock consisting of n number of mineral components, the Voigt-Reuss-Hill averaging method for 
calculating the bulk moduli of the different mineral components of the rock is given by: 
KReuss (harmonic mean) = [∑
Fi
Ki
n
i=1 ]
−1
 .............. C-8  
KVoigt(arithmetic mean) = ∑ FiKi
n
i=1  .............. C-9  
Kvrh = Km =  
1
2
[KReuss + KVoigt] .............. C-10  
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Since V = √
K
ρ
, it implies that K ∝ V2, when density is kept constant. Thus,  
VReuss (harmonic mean) =
1
√∑
Fi
Vi
2
n
i=1
 .............. C-11  
VVoigt(arithmetic mean) = √∑ FiVi
2n
i=1  .............. C-12  
𝑉𝑣𝑟ℎ = 𝑉𝑚 =  
1
2
[𝑉𝑅𝑒𝑢𝑠𝑠 + 𝑉𝑉𝑜𝑖𝑔𝑡] .............. C-13  
The Sonic transit time is given by (Ala, 2010) 
𝛥𝑡 =
1
𝑉
  (µs/ft) .............. C-14  
Gamma Ray Log. Gamma ray logs are recorded in virtually every oil and gas well drilled. The logs 
measure the natural gamma emissions from subsurface formations. Gamma rays originate from the 
radioactive elements in the minerals that constitute a formation, which can be effectively divided into 
uranium, thorium and potassium groups. 
The total response of a gamma ray is made up of the combined radiation from uranium, thorium, 
potassium, and a number of associated daughter products of radioactive decay (Asquith and Krygowski, 
2004). These elements continuously emit gamma rays, which are short bursts of high energy radiation 
similar to x-rays.  
Tool response. Because radioactive materials are concentrated in shale, the gamma ray log normally 
reflects the shale content of the formation. The greater the proportion of shale in a formation, the higher 
the gamma ray reading in that formation. Carbonates and sandstones, the common reservoir rocks, are 
usually associated with low levels gamma ray activity, unless volcanic ash is present. 
Micaceous sandstones have high gamma ray reading because of the presence of mica. Micas are 
generally rich in potassium, a radioactive substance. In formations where radioactive minerals other than 
clay are present, their effects on log responses result in a reduction of the accuracy of determination of 
shale fraction. The gamma ray log, which is one of the primary indicators of shaliness, is the most 
affected (Marett et al., 1976). Coal seams usually exhibit low radioactivity (Walter, 1979). Presence of 
clay minerals in the seam as thin parting, however, will cause an increase in the measured natural 
radioactivity. Figure C-45 gives the typical GR responses in various lithologies. 
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Figure C-45 Typical GR responses in various lithologies (Schlumberger, 1991) 
The Natural Gamma Ray Spectrometry Tool (NGST), introduced in the 1980s, has replaced the 
conventional gamma ray log which only recorded the total radiation emitted by U
238
, Th
232
 and K
40
. The 
NGS examines the gamma ray spectrum in more detail, detecting and recording the individual 
contributions of the three radioactive elements (Ala, 2010). K
40
 has a single energy of 1.46 MeV. The 
thorium and uranium series emit radiation at various energies, the prominent ones being 2.614 and 1.764 
MeV respectively. By using energy-selective sensor windows, the total gamma ray response can be 
separated into the gamma rays related to each of these elements (Dewan, 1983). The NGST is a pad 
contact device, held against the borehole wall by means of a bow spring (Figure C-46). 
 
Figure C-46 Natural GR Spectrometry Tool (After Schlumberger) 
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Uses of GR. The gamma ray log is useful for detecting lithologies and for correlating zones in cased 
holes. It proves very useful in detecting shale beds when the SP curve is featureless, that is, when Rmf ≈ 
Rw. Because shale is usually more radioactive than sand, coal or carbonate, gamma ray logs are used to 
calculate volume of shale in porous reservoirs. The volume of shale, Vclay, is expressed as a decimal 
fraction or percentage. Gamma ray logs are also used in source rock evaluation, fracture detection, clay 
typing and rock typing in crystalline basement rocks. 
Governing equations and input parameters. The total gamma ray response is given by the linear 
combination of the potassium, uranium and thorium recordings on the spectralog: 
GR = ATh232 + BU238 + CK40 .............. C-15 
Where A, B and C are coefficients depending on the detector size, housing thickness and above all, on the 
counting threshold of the tool (that is, the lower limit of energy levels that the detector can see) (Marett et 
al., 1976).  
The gamma ray response due to the presence of shale, which is made up principally of the 
radioactive elements Th
232
 and U
238
,
 
is accounted for by using the linear equation type used for clay 
determination from the gamma ray (Marett, et al., 1976): 
V(clay) =
GR−GR(clean)
GR(clay)−GR(clean)
 .............. C-16 
The Vclay is based on the thorium and uranium elements and is expressed in terms of the differences 
between the total natural gamma ray activity, G, and potassium element natural gamma-ray activity, CK
40
 
as follows: 
V(clay) =
(GR−CK40)−(GR−CK40)(clean)
(GR−CK40)(clay)−(GR−CK
40)(clean)
 .............. C-17   
Where: GR − CK40 is the total thorium and uranium natural gamma ray activity in the zone of interest; 
(GR − CK40)(clean) is the value of the GR − CK
40 difference in clean sandstone and (GR − CK40)(clay) is 
the value of the GR − CK40 difference in mica free shale interval. 
The gamma ray contribution due to thorium and uranium is given by: 
GR(Th,U) = V(clay)[(GR − CK
40)(clay) − (GR − CK
40)(clean)] + (GR − CK
40)(clean) ........... C-18 
The total gamma ray is directly proportional to the contribution from K40, everything else being 
constant. The typical gamma ray reading in 100% muscovite, which is assumed to be the only constituent 
of mica in Imperial Oilfield, is 140.52 APIU (Barthelmy, 2004). Since K
40 
is linearly proportional to the 
count rate (amplitude of spectrum emission), the greater the proportion of mica in the formation, the 
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higher the gamma ray. 
GR(K40) = 140.52 × Vmuscovite .............. C-19  
Therefore, the total gamma ray response is given by 
GR = {Vclay[(GR − CK
40)clay − (GR − CK
40)clean] + (GR − CK
40)clean} + (140.52 × Vmica) .........C-20 
From Table 5, the GR of clean sand, pure coal and shale are respectively 10, 13 and 98 API. The 
values of GR for ‘clean’ sand and shale were assumed the same for all the formations. Substituting for the 
values of GR of ‘clean’ sand and ‘pure’ shale in Equation C-20 gives the final general expression for the 
total gamma ray response at any interval, with the exception of coal intervals: 
GR = {[V(clay)(98 − 10)] + 10} + {140.52 × Vmica}  .............. C-21 
Neutron Log. Like the GR logs, Neutron logs are radioactive logs that are used mainly for the delineation 
of porous formations and for the determination of their porosity (Schlumberger, 1991).Tool. The 
operation of the neutron tool is illustrated diagrammatically in Figures C-47 (a) and (b) (Ala, 2010). The 
formations surrounding the immediate vicinity of the borehole are bombarded by high energy neutrons 
from a radioactive source, which is located below two detectors. 
 
(a)          (b) 
Figure C-47 (a) Diagrammatic illustration of the Neutron tool (After Schlumberger) and (b) Thermal neutron 
detection by the CNL tool (Dewan, 1983). 
Neutrons are electrically neutral particles, each having a mass identical to the mass of a hydrogen 
nucleus. The fast moving neutrons, which are emitted continuously from the radioactive sonde, collide 
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with the nuclei of the formation in a fashion similar to elastic ‘billiard-ball’ collisions. Each of these 
collisions is accompanied by a loss in energy of the neutron particles. This energy lost per collision is 
dependent on the relative mass of the nucleus which collides with the neutron particle. The greatest loss 
occurs when the neutron particle collides with a hydrogen nucleus, which has a mass practically equal to 
the mass of the neutron particle. When a fast moving neutron particle collides with any heavier nuclei, it 
does not slow down very much. The slowing down of neutrons is thus a function of the amount of 
hydrogen nuclei present in the formation. 
The detectors maybe one of three types: a thermal neutron detector which monitors the density of 
thermal neutrons, an epithermal detector which senses the density of the neutrons just above thermal 
energy, or a gamma ray of capture detector sensitive to the gamma radiation emitted by nuclei when they 
capture thermal neutrons (Ala, 2010). When the hydrogen concentration in the formation surrounding the 
neutron source is large, most of the neutrons are slowed down and captured within a short distance of the 
source, so that only a few of them reach the detector. Conversely, when the hydrogen concentration is 
low, most of the neutron particles travel farther from the source before being captured. Irrespective of the 
detector in use, the count rates decrease with increase in hydrogen concentration (increase in porosity), 
and vice versa. The count rate thus varies inversely with porosity, since all the hydrogen nuclei in a clean 
formation are found in the pore fluids.  
Within the context of this work, the neutron tool functions as a porosity indicator. Thus, the CNL, 
which is a tool that generates a compensated neutron log by counting the thermal neutrons, is used. 
Although the tool responds primarily to the presence of hydrogen in a formation, it does not, however, 
distinguish between the free hydrogen in pore fluids and that associated with bound water. The former 
corresponds to effective porosity, while the latter does not. Shales, due to large amount of bound water 
associated with their minerals, have a high hydrogen index, and are therefore characterised by high values 
of neutron porosity.  
In general, dense and non-porous layers of a formation are indicated by low neutron porosity while 
porous and zones show higher readings (Ala, 2010). Gas zones are also characterized by very low neutron 
porosity due to the low hydrogen index of gas. 
The CNL has a radius of investigation of about 10 inches. If run slowly, the vertical resolution of the 
tool is approximately 2 ft. The zone of investigation of the tool is often confined to the flushed zone. 
Input Parameters. Table C-7 gives some of the neutron log parameters used in generating the 
synthetic neutron log. 
  
42                                                                      Establishing the Imperial Oilfield Case Study: Part 1 – Reservoir Appraisal and Characterisation                                               
 
Table C-7 Neutron log parameters (Crain, 2011). 
 
Resistivity Logs. Like the Spontaneous Potential (SP) log, the resistivity logs are electrical logs. These 
logs usually respond to the resistance offered to the passage of electric current by surrounding rocks and 
fluids in the vicinity of a borehole. Resistivity devices are designed to measure Rxo, Ri, and Rt resistivities 
of the flushed (1-6 in), transition (0.5-3 ft) and uninvaded parts of a formation respectively (Ala, 2010). 
The logs are useful for both quantitative and qualitative determination of water saturation in both the 
flushed zone and uninvaded part of a formation. Rw, temperature, presence of hydrocarbons and 
magnitude of porosity have influencing effects on the resistivity of a clean rock 
Resistivity tool. The Focused Resistivity logging devices replaced the conventional tools in the 
1950s. These devices, which include the Lateralogs, are designed to measure Rxo, Ri, and Rt in boreholes 
containing saline water muds. They have vertical resolution of about 2 ft and are slightly affected by the 
resistivities of adjacent beds. 
Lateralogs devices are made up of an array of electrodes which focus the survey current, forcing it to 
flow laterally into the surroundings of the borehole traversing the formation. Focusing is achieved by two 
electrodes that emit a current of the same polarity as the surveying electrode but are located above and 
below it (A1 and A’1 in Figure C-48) (Ala, 2010). The focusing electrodes prevent the surveying current 
from flowing up the borehole filled with saline water mud. The surveying current controls the effective 
depth to which the Lateralog investigates. As can be seen from Figure C-49, the deep reading Lateralogs, 
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LLD are more focused than shallow reading Lateralogs, LLS. 
Invasion can influence the response of the Lateralog, especially when fresh water drilling mud is 
used. This influence is usually countered by using saline drilling mud.  
Modern focused resistivity devices in use (Figure C-50) include the deep Lateralog, LLD, the shallow 
Lateralog, LLS and the microresistivity tool which measures Rt, Ri, and Rxo respectively. The combination 
of LLD and LLS is called Dual Lateralog, DLL. 
 
Figure C-48 Schematic diagram of a focused resistivity logging tool (After Schlumberger) 
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Figure C-49 Schematic representation of Deep and Shallow Lateralogs (Schlumberger, 1991) 
 
 
 
Figure C-50 Dual Lateralogs (DLL) and the Spherically Focused Log (SFL) (Rider, 1996) 
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Figure C-51 Density log, Well XP01 Figure C-52 Sonic log, Well XP01 
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 Figure C-53 Gamma ray log, Well XP01 Figure C-54 Neutron log, Well XP01 
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Figure C-55 LLD, LLS and MSFL logs, Well XP01 Figure C-56 Density log, Well XP03 
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Figure C-57 Sonic log, Well XP03 Figure C-58 Gamma ray log, Well XP03 
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Figure C-59 Neutron log, Well XP03 Figure C-60 LLD, LLS and MSFL logs, Well XP03 
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Figure C-61 Density log, Well XP04 Figure C-62 Sonic log, Well XP04 
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Figure C-63 Gamma ray log, Well XP04 Figure C-64 Neutron log, Well XP04 
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Figure C-65 LLD, LLS and MSFL logs, Well XP04 Figure C-66 Density log, Well XP05 
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Figure C-67 Sonic log, Well XP05 Figure C-68 Gamma ray log, Well XP05 
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Figure C-69 Neutron log, Well XP05 Figure C-70 LLD, LLS and MSFL logs, Well XP05 
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Appendix D Wireline Log Interpretation 
 
Figure D-1 Clay volume plot for all zones, Well XP02 
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Figure D-2  NPHI/RHOB crossplots for Tarbert zone Figure D-3  NPHI/RHOB crossplots for Upper Ness zone 
 
  
Figure D-4  NPHI/RHOB crossplots for Mid Ness zone Figure D-5  NPHI/RHOB crossplots for Lower Ness zone 
 
  
Figure D-6 NPHI/RHOB crossplots for Etive zone Figure D-7  NPHI/RHOB crossplots for Rannoch zone 
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Figure D-8 NPHI/RHOB crossplots for Rannoch water zone 
 
 
Figure D-9 Clay volume parameters picked using NPHI/RHOB crossplots for all zones 
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Figure D-10 VWCL/MSFL crossplots for all zones 
 
 
Figure D-11 VWCL/LLD crossplots for all zones 
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Figure D-12 MSFL/PHIE crossplots for Tarbert zone Figure D-13 LLD/PHIE crossplots for Tarbert zone 
   
  
Figure D-14 MSFL/PHIE crossplots for Upper Ness zone Figure D-15 LLD/PHIE crossplots for Upper Ness zone 
 
  
Figure D-16 MSFL/PHIE crossplots for Lower Ness zone Figure D-17 LLD/PHIE crossplots for Lower Ness zone 
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Figure D-18 MSFL/PHIE crossplots for Etive zone Figure D-19 LLD/PHIE crossplots for Tarbert zone 
   
  
Figure D-20 MSFL/PHIE crossplots for Rannoch zone Figure D-21 LLD/PHIE crossplots for Rannoch zone 
 
    
Figure D-22 MSFL/PHIE crossplots for Rannoch Water zone Figure D-23 LLD/PHIE crossplots for Rannoch Water zone 
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Figure D-24 Porosity water saturation parameters for Tarbert, Upper Ness and Mid-Ness zones 
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Figure D-25 Porosity water saturation parameters for Lower Ness, Etive and Rannoch zones 
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Figure D-26 Porosity water saturation parameters for Rannoch (water) zone 
 
     *Depths are in ft. 
Figure D-27 Porosity, water saturation and clay volume cut-offs used 
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Figure D-28 Cut-off plot for all zones, Well XP02 
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